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Monolayer fluctuations in the thickness of a semiconductor quantum well (QW) lead to three types of excitons, 
located in the narrower, average and thicker regions of the QW, which are clearly resolved in optical spectra. 
Whether or not these excitons are coherently coupled via Coulomb interaction is a long-standing debate. We 
demonstrate that different types of disorders in quantum wells distinctly affect the coherent coupling and that the 
coupling strength can be quantitatively measured using optical two-dimensional Fourier transform spectroscopy. 
We prove experimentally and theoretically that in narrow quantum wells the coherent coupling occurs 
predominantly between excitons residing in the disorder-free areas of QW’s and those residing in plateau-type 
disorder. In contrast, excitons localized in fault-type disorder potentials do not coherently couple to other excitons. 
 
Disorder at surfaces and interfaces plays an increasingly 
important role in ever-shrinking electronic devices. Even in 
nanostructures of the highest quality, monolayer 
fluctuations are inevitable. Importantly, monolayer 
fluctuations at interfaces of quantum wells (QWs) change 
the QW thickness, leading to wider or narrower regions that 
can be categorized as fault-type or plateau-type (Fig. 1(a)) 
disorder, respectively. Under optical excitation, bound 
electron-hole pairs (excitons) that form in such QWs are 
affected by the disorder potential and will often exhibit 
several spectrally distinct resonances [1-3], instead of a 
single inhomogeneously broadened resonance. Whether or 
not these different types of excitons are coherently coupled 
via Coulomb interactions is an outstanding and much 
debated question. Previous investigations have yielded 
conflicting results [4-8], partially due to the limited spectral 
and temporal information accessible using traditional 
spectroscopic methods and partially due to insufficient 
control of the disorder at the QW interfaces. 
Understanding coherent interaction among multiple 
electronic states is a prerequisite to controlling material 
properties at the level of electrons, which is a ubiquitous 
challenge in material science. Specifically, the presence or 
absence of coherent coupling among spectrally resolved 
excitons significantly influence energy transfer [9], photon 
emission statistics [10], and even quantum-logic operations 
[11] in semiconductor heterostructures such as QWs, 
quantum wires, and quantum dots. This problem is also 
relevant for a broader range of materials. For example, 
exciton dissociation in conjugated polymers occurs in a 
two-step process: the formation of a charge-transfer state at 
an energy level above the initial exciton followed by a 
complete dissociation process [12, 13]. The formation of 
the charge-transfer state is dictated by the interplay of the 
disorder and the Coulomb interaction, which is the essence 
to the problem of interest here. 
In this paper, we investigate coherent coupling between 
different types of excitons in a single, narrow 
GaAs/AlGaAs QW using the powerful technique of optical 
two-dimensional Fourier transform spectroscopy (2DFTS) 
[14-19]. We first identify three types of excitons confined 
in different regions of the QW. We refer to the excitons 
confined in the wider, average-thickness, and narrower 
regions of the QW as type A, B, and C excitons, 
respectively, as illustrated in Fig. 1(a). Using 2DFTS, we 
are able to separate complex quantum-mechanical pathways 
in the coherent nonlinear response and unambiguously 
identify the presence of coherent coupling between type B 
and C excitons. In contrast, such coupling is missing 
between type A and B excitons. This difference in exciton 
coupling originates from the nature of exciton resonances: 
type A excitons are bound states mainly localized within 
the fault-type disorder potential; type B are delocalized in 
the perfect QW region (or disorder-free regions); and type 
C excitons are scattering resonances associated with 
plateau-type defects. Different spatial overlap between the 
excitons is responsible for the absence or presence of 
coupling in the 2D spectra. This conclusion is supported by 
calculations based on a single-defect model. 
 2DFTS is a heterodyne-detected four-wave mixing 
(FWM) technique, which monitors and correlates nonlinear 
polarization phase evolution during two independent 
periods, 	  and t, separated by a waiting period T, as 
illustrated in Fig. 1(b). A 2D spectrum as a function of the 
absorption frequency  and emission frequency is then 
obtained by Fourier transforming the FWM signal with 
respect to time variables  and t. A diagonal peak in a 2D 
spectrum indicates that an oscillation at absorption 
frequency   during the first time period gives rise to an 
oscillation at emission frequency  during the third period. 
Coupling between resonances can be identified by the 
presence of cross-peaks in 2D spectra, for which  	 . 
Therefore, 2DFTS is particularly suitable for quantifying 
coupling among electronic transitions, as quantum-
mechanical pathways associated with coupling are isolated 
in the spectra. 
 The experimental setup is described in detail elsewhere 
[20]. Briefly, three phase-stabilized, collinearly polarized 
excitation pulses with wave vectors  ,  , and   are 
arranged in box geometry generating a complex FWM 
signal in the phase-matched direction:      , as illustrated in Fig. 1(c). The excitation pulse sequence 
chosen is the rephasing time ordering, where the conjugate 
pulse () arrives first and   arrives last. The evolution 
time (τ) between 	and   pulses, the waiting time (T) 
between pulses  and  , and the emission time (t) after 
the arrival of pulse  govern the complex rephased signal, 
S (τ,T,t). We resolve the phase information of the signal 
field, which is made possible by heterodyne detection with 
a phase-stabilized reference beam and stepping the  
excitation pulse delays with interferometric precision. The 
emission frequency (ωt) is determined by sending the signal 
through a spectrometer and the absorption frequency (ωτ) is 
retrieved by a numerical Fourier transform of the S (τ,T,ωt) 
data with respect to τ. 
 We studied a series of GaAs/Al0.3Ga0.7As single QW’s 
with four different thickness grown by molecular beam 
epitaxy on a GaAs(100) substrate. The nominal thicknesses 
are 4.2, 6.2, 8.4, and 14.0 nm, respectively. Two-minute 
growth interruption at the interfaces introduces monolayer-
width fluctuations with relatively large lateral dimensions 
on the order of tens of nanometers. The sample was held at 
4.2 K. The average laser excitation power was between 3 to 
5 mW corresponding to an estimated sheet exciton density 
~ 2.0 - 5.8×1010 cm-2. At this high excitation power, one 
expects excitation-induced dephasing [21, 22] to contribute 
significantly to the line width of the exciton resonance.  
 We first identify relevant exciton resonances via FWM 
spectra displayed in Fig. 2. The heavy-hole (HH) and light-
hole (LH) excitons are split by confinement in the growth 
direction in a QW. The LH excitons are clearly observed 
and labeled for QWs with nominal thickness of 6.2, 8.4, and 
14 nm. The LH exciton in the 4.2 nm QW is shifted further 
to the higher energy, outside the excitation bandwidth. We 
will focus on HH resonances only in the current study.  
Close inspections reveal that HH resonances are split 
into two or three resonances, which arise from the 
monolayer fluctuations of the QW thickness. This 
assignment can be proven by investigating the systematic 
change of the monolayer splitting as a function of the 
average QW width. We initially make the reasonable 
assumption that the lowest energy peak originates from type 
A excitons residing in the fault-type disorder potential. This 
allows us to plot the FWM spectra as a function of the 
relative energy dE = (E– E0), where E0 specifies the energy 
for type B excitons in the perfect QW. Negative 		corresponds to type A excitons residing in fault-type 
disorders, while positive 		corresponds to type C excitons 
formed near plateau-type disorder. We then plot 	as a 
function of the QW thickness in the inset of Fig. 2. Within 
Fig. 1 (color online): (a) illustration of different types 
of excitons form in a disordered QW. (b) Pulse 
sequence and (c) experimental set-up in 2DFTS.  
Fig. 2 (color online): FWM spectra plotted with 
relative photon energy (E – E0), where E0 specifies the 
position of HH excitons residing in the regions of the 
perfect QW. Two spectra from the 4.2 nm QW are 
taken for different laser tuning. Inset: QW width 
dependence of the HH exciton resonance splitting due 
to the monolayer thickness fluctuations at the interface 
(dots) relative to B-type excitons. The red lines present 
the result of theoretical fits. 
the effective mass approximation, δE due to monolayer 
fluctuation of the QW width (δL* = ± a) is  
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where 
∗  
  2Λ  denotes an enlargement of the QW 
width owing to an average wave function penetration depth 
into the Al0.3Ga0.7As barrier (Λ = 1.5 nm) [23]. We first 
extracted the in-plane reduced exciton mass µHH = 0.055 me 
from the dependence of E0 on the QW width (not shown 
explicitly). We then fitted the data in Fig. 2 using Eq. (1) to 
obtain a = 0.25 nm, which matches the known value for the 
thickness of one atomic monolayer in GaAs. This analysis 
supports our assignment of different types of excitons. We 
focus the rest of the paper on 2DFTS experiments 
performed on the 4.2 nm thick QW as it clearly exhibited 
all three types of HH excitons [24].  
 The laser bandwidth is ~ 16 meV; hence, two 2D 
spectra were acquired with the laser tuned to optimally 
excite two of the three HH exciton resonances at one time. 
The waiting time was set to be   125	  to avoid 
temporal pulse overlap. Figure 3 shows the measured 2D 
amplitude spectra together with the corresponding regular 
FWM and laser spectra. We did not observe clear evidence 
of coherent coupling between exciton A and B in Fig. 3(b). 
In contrast, coherent coupling between exciton resonance B 
and C is clearly identified as the cross-peak BC in Fig. 3(d). 
One may expect another cross-peak at the location indicated 
by CB. Previous work has documented that 2D spectra of 
semiconductor QWs display a strong asymmetry between 
cross peaks[25], which explains the absence of a cross peak 
at location indicated by CB.  
Prior experiments aimed at investigating coherent 
coupling among different types of excitons only permitted 
one to look for qualitative signatures, such as oscillatory 
behavior in time- or spectrally resolved FWM experiments 
[4, 5]. The interpretation of these experiments is 
challenging, due to the limited spectral or temporal 
information accessible to conventional spectroscopy. In 
contrast, 2DFTS allows us to quantify the strength of 
coherent coupling between these resonances, rather than 
only asking whether such coupling exists. In the case of a 
V-level system, for example, a strong coherent coupling 
induced by a common electronic state should lead to the 
maximum cross-peak intensity to be the geometric average 
of the two diagonal peak intensities [26]. In Fig. 3(d), the 
coupling between resonances B and C is quantified by the 
ratio between the cross-peak BC and the geometric average 
of the diagonal peak intensities, giving a value of ~ 0.6 that 
is significantly above the noise level. In contrast, we 
observe no clear cross-peaks in Fig. 3(b). We place an 
upper bound for the coupling between resonances A and B 
to be below 0.1, limited by the noise level in the 2D spectra. 
The strong cross-peak intensity BC at the chosen T suggests 
that it arises from electronic coherent coupling and not 
population relaxation. We confirm that the relaxation 
lifetimes of the excitons are beyond tens of picoseconds 
with spectrally and temporally resolved pump-probe 
measurements (data not shown). The slow relaxation 
process cannot account for the strong cross-peak BC in the 
2D spectra (Fig. 3(d)) at the short waiting time. Incoherent 
coupling due to population relaxation between excitons 
confined in different thickness regions of a QW has been 
investigated previously using 2DFTS and observed at 
waiting times at 20 ps or longer [27]. Another recent 
experiment conducted on individual excitons localized in a 
QW presented evidence of coherent coupling in certain 
regions of the sample [8], possibly consistent with our 
experimental findings. 
  
We briefly comment on other features of the 2D spectra, 
which are not essential for identifying the coupling or 
quantifying the coupling strength. There is a peak near the 
diagonal peak C in Fig. 3(d), which may be due to the 
formation of unbound biexcitons investigated in other 
recent 2DFTS experiments [28-30]. There are small satellite 
peaks near the diagonal line that arise from the direct 
scattering of excitation pulses [20]. These spurious peaks 
do not contaminate the measurements of the cross-peaks. 
Thus, no error was introduced in the quantitative evaluation 
of the coupling strength. Finally, the lineshape of the peaks 
(especially the diagonal peaks) are elongated along the 
absorption frequency axis. We attribute the elongation to 
the relatively high laser power used in the experiments and 
it may be related to the excitation-induced dephasing. 
 To support the interpretation of the measured 2D spectra, 
we performed calculations based on microscopic theory of 
semiconductor coherent nonlinear response in QWs with in-
plane inhomogeneous disorder potentials [31]. Within the -approximation [32-35] the equation of motion for the 
nonlinear polarization [36, 37] taking into account the HH 
excitons only is given by 
      ,    , .								2 
To reproduce the qualitative features of 2D spectra, we can 
neglect the effect of Pauli-blocking and invoke the short-
memory approximation[31, 38] to account for the Coulomb 
correlation. Under these approximations, the driving term is 
Fig. 3 (color online): FWM and 2DFTS amplitude 
spectra taken on the 4.2 nm QW at   125	 with co-
linearly polarized excitation beams (a-b) when exciton 
A and B resonances are excited and (c-d) when exciton 
B and C resonances are excited. 
 ,   
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which includes an effective four-point potential $  to 
describe the Coulomb interaction and the linear optical 
response %, . The latter is governed by an equation of 
the same form as Eq. (2) but with the source term  ,   #' 	 ∙ 	)', , where #' is the dipole moment and 		)))' is the electric field of the excitation. Taking the energy 
of the HH exciton in the perfect QW as zero, the 
Hamiltonian in Eq. (2) can be written as  	*   

+ , , where -  is the exciton 
effective mass, and , describes the random potential 
due to interface fluctuations [1, 39].  
 To emphasize the difference between excitons of 
different types, we adopt two additional approximations. 
First, we take into account that the effective potential $ in 
Eq. (3) decays fast with distance ∝ 1/0 and, thus, we 
treat it as a contact interaction. Second, we employ the fact 
that experimentally obtained spectra have well resolved 
resonances and retain only the main resonant contributions 
to the 2D spectrum. Using these assumptions, we find that 
the peaks in the 2D amplitude spectrum are given by   , ~∑ ,, ,  
where  and 3 are the indices of the three excitons 45, 6, 78, 
the overlap factors are 9, ~ ! "#|%, "| ;%<, #=;, 
and > is the area of the QW. Thus the amplitude of a peak 
in the 2D spectra, within described approximations, is 
determined by the spatial overlap of respective linear 
response functions. 
 Exciton linear response functions %,   vary 
significantly depending on the type of excitons. To 
illustrate this point, we performed a simple calculation of 
linear response near a single circular defect in an otherwise 
perfect QW. The calculated linear response near a fault- and 
a plateau-type defect at corresponding resonant frequencies 
are shown in Fig. 4(a) and 4(b), respectively. Type A 
excitons (solid red line in Fig. 4(a)) correspond to bound 
states that are localized within fault-type defects and decay 
exponentially outside. This fast spatial decay leads to small 
overlap with type 6 excitons (dashed green curves in Fig. 
4(a) and 4(b)) and even less overlap with type 7 excitons 
(solid blue curve in Fig. 4(b)). In contrast, type 7 excitons 
are unbounded scattering resonances that decay 
algebraically outside of plateau-type defects. Type B 
excitons largely occupy the perfect QW region, but their 
linear response functions are perturbed near either type of 
defects. Their penetration into the defects depends on 
whether it is a fault- or plateau-type defect. The strength of 
the cross-peaks is determined by 9, , which is a two-
dimensional spatial integral over the linear  response %,  , at different resonance frequencies , . 
Qualitatively, the large spatial overlap between excitons B 
and C leads to coherent coupling while the minimal overlap 
between excitons A and B accounts for the lack of coupling 
as illustrated by Fig. 4(a) and 4(b).   
 Simulated 2D spectra are shown in Fig. 4(c) and 4(d), 
where the latter confirm coherent coupling between exciton 
types B and C. The calculations neglected the incoherent 
population relaxation dynamics and included several 
parameters including dephasing times and overlap factors 
(9$% , 9%&  and 9$& ) determined from the single circular 
defect calculations. Use of the single-defect model is 
supported by the low spatial density of monolayer disorders 
evidenced by photoluminescence measurements (data now 
shown). Although the simulated spectra cannot make a 
quantitative prediction of coupling strength due to the lack 
of detailed information on the disorder potential, the 
qualitative features on the presence and absence of coherent 
coupling are reproduced robustly. 
In summary, the answer to whether or not exciton 
resonances localized in different regions of a disordered 
QW are coupled depends on the nature of the exciton 
resonances. Electronic 2DFTS provides unambiguous 
evidence of coupling and quantitative measurement of the 
coherence coupling strength. The theoretical and 
experimental approach and findings reported here are 
applicable to a broad range of problems including energy 
transfer in natural/artificial photosynthetic systems [40-42] 
and charge transfer in conjugated polymers. 
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Fig. 4 (color online): Calculated linear response 
function vs. distance (normalized to the radius of the 
defect) to the center of a single circular defect for (a) 
fault-type disorder and (b) plateau-type disorder. Green 
dashed lines are for type B excitons. Solid red line is 
for type A excitons in (a), and solid blue line is for type 
C excitons in (b). Simulated 2D spectra when (c) type 
A and type B excitons are excited and (d) type B and 
type C excitons are excited.  
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